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Complaints from the public due to odor emissions are one of the biggest problems as-
sociated with any biosolids land application program. Chemical additives to reduce or
mask odors are one option for producers; however, many chemicals are too expensive
or are too unstable to use safely. This project provides a preliminary evaluation of ni-
trate or nitrate + anthraquinone as additives in controlling odors from limed biosolids.
Over a twenty-four day period, odors were measured in the headspace over several
treatment levels using two different chemical analysis tools along with olfactometric
evaluation of odor intensity and hedonic tone. On six days during the sample period,
hydrogen sulfide was measured using a Jerome 631X, a sensor that also responds to
other reduce sulfur gases. Other specific sulfides, amines, and mercaptans were also de-
termined using solid phase microextraction with gas chromatography-mass spectrom-
etry. A simple sniff test approach was used with six panelists on five days during the
project. The chemical analysis results revealed that the addition of nitrate and espe-
cially nitrate + anthraquinone was effective in reducing concentrations of hydrogen
sulfide and methylmercaptan when compared to untreated limed biosolids. However,
the olfactometric results did not reveal any significant differences between treatments.
The panelists also found that all treatments exhibited a fishy or ammonical character,
indicative of amines, or ammonia. More advance olfactometric analysis utilizing dilu-
tion techniques might have been able to distinguish between treatments, but it is likely
that amines were the dominant odorant released from all treatments. This preliminary
project suggests that chemical addition of nitrate or nitrate + anthraquinone would be
most effective in controlling odors from unlimed biosolids such as anaerobically digested
materials.

∗Correspondence: Hyunook Kim, Department of Environmental Engineering, The Uni-
versity of Seoul, 90 Jeonnong-dong, Dongdaemun-gu, Seoul 130-743, Korea; E-mail:
h kim@uos.ac.kr.
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Trimethylamine.

INTRODUCTION

Offensive odor is a significant problem for the land application program at many
wastewater treatment facilities. Although most unit processes in a wastewater
treatment plant are potential sources of odor, solid-handling systems, such as
thickening, drying, and lime stabilization are normally the most significant.[1]

The final biosolids product, which can be used as a soil amendment, often also
emits offensive odor, causing public resistance to large scale land application
programs and results in increased regulatory action.

Chemical treatments, especially oxidation technologies, have been applied
to control odors from wastewater and sludge since the 1970s.[2] Hydrogen per-
oxide has been applied to oxidize H2S, mercaptanes, thiosulfate, and sulfur
dioxide in wastewater,[2] and waste activate sludge.[3] However, hydrogen per-
oxide can be dangerous to handle and takes time to react,[4] so several other oxi-
dants also have been tested and applied. For example, potassium permanganate
was added to raw dewatered sludge to reduce hydrogen sulfide production.[4]

Farooq and Akhlague[5] tested ozone to condition and oxidize heavy metals and
organics in raw and thickened waste activate sludge. They reported a consider-
able reduction in odor released from the sludge, although they did not quantify
their results. De Luca et al.[6] used potassium ferrate to stabilize dewatered
sludge and compared its performance with lime stabilization in terms of odor
control. They found that ferrate was very effective in oxidizing reduced sulfur
and nitrogen compounds and mitigating odors from conditioned sludge. Gao
et al.[7] used sodium hypochlorite to remove 95% of hydrogen sulfide from gas
emissions released from gravity thickened sludge.

While results of these studies are encouraging, none of the oxidants are
widely used, mainly due to high costs. Odor control through the use of hydrogen
peroxide, permanganate or hypochlorite, requires large quantities of chemicals
for conditioning or oxidizing reduced compounds in sludge. For example, to
treat 1 mol of sulfide in sludge 2–5 mol of hydrogen peroxide are required.[3]

Although relatively small amount of ozone and potassium ferrate is required
to oxidize odorants in sludge, they are expensive to produce and they require
special handling.

Lime stabilization is used to condition dewatered sludge and is added
to final biosolids in approximately 20% of wastewater treatment plants in
the US due to its economical advantage over other chemical stabilization
technologies.[8] Lime is added to raw sludge until the pH is >12. The high pH en-
vironment and exothermic reaction inactivates microorganisms in sludge and
produces a soil like final product. In addition to its disinfection abilities, lime
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Characterization of Odors from Limed Biosolids 141

addition is believed to reduce odors in sludge. However, there are still com-
plaints about odors from limed biosolids on site and in the field where it is
land-applied. Odors from limed biosolids, are often characterized as “fishy”
and “decaying,” pose a major obstacle to the land application program. The
fishy and decaying odors are characteristics of amines (especially trimethy-
lamine: TMA) and reduced sulfur compounds (produced under septic condi-
tions), respectively.[9]

Recently, it was demonstrated that H2S in sewer systems and wastewater
under reducing condition could be diminished by adding nitrate.[10–12] They
also reported anthraquinone added with nitrate enhanced H2S control. The
theoretical basis for the addition of nitrate is that the oxidation state of the
system is changed such that nitrate rather than sulfate is reduced. The addition
of anthraquinone inhibits the long term growth of odor causing microbes.

In this preliminary study, effects of nitrate and anthraquinone addition to
limed biosolids were evaluated with respect to odor quality. This study was ini-
tiated with the assumption that if these oxidants block the formation of reduced
sulfurs, the odor quality of the final product will be improved. The evaluation of
odors from biosolids with and without treatment using the chemicals was car-
ried out using a simple odor evaluation approach along with a gas analytical
method utilizing solid phase microextraction coupled to gas chromatography-
mass spectrometry. The specific goals of the current study were as follows:

(i) Evaluation of intensity and hedonic tones of odors from limed biosolids
with and without nitrate and anthraquinonone treatment over 20 days.

(ii) Characterization and quantification of specific odorants in the headspace
over limed biosolids with and without nitrate and anthraquinonone
treatment.

(iii) Preliminary assessment of the effectiveness of these chemicals in control-
ling odors in limed biosolids and provision of recommendations for further.

MATERIALS AND METHODS

Sample Preparation
Two different chemical additives, i.e., Bioxide c© and Bioxide c©-AQ that are

commercially available were obtained from USFilter, Inc. (Warrendale, PA). The
first mainly consists of Ca(NO3)2 (425 g NO−

3 /L Bioxide). The second additive
was made by adding 12.2 g of anthraquinone to 1 L of Bioxide.

Unlimed dewatered sludge (25% solids, a blend of gravity thickened sludge
and waste activated sludge), collected from a centrifuge in the Blue Plains
Wastewater Treatment Plant located in Washington, DC, was mixed with lime
and Bioxide in a pilot scale industrial mixer at Blue Plains. Lime was added
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142 Kim et al.

Table 1: Sample matrix under study.

Sample ID Control BL BM BL-AQa BM-AQa

Dosage of Bioxideb 0 0.1 0.5 0.1 0.5
aContains anthraquinone of 100 lbs/1000 gallons of Bioxide.
bUnit of dosage: gallon/ton of dewatered sludge (wet basis).

to the sludge sample at 25% by mass. In each batch, biosolids of 1 wet ton was
mixed with lime and the additives in the mixer. Table 1 presents the treatments
that were used to assess the effect of both Bioxide and Bioxide-AQ.

Analysis of Odorants
Triplicate aliquots of each of the five treatments were collected from the

mixer and transferred to 1-L Teflon containers, and transported to the nearby
U.S. Department Agriculture Agricultural Research Service Environmental
Quality Laboratory located in Beltsville, MD. Upon arrival, the samples were
stored sealed in a hood at 25◦C. In order to monitor the dynamic change of
odorants from biosolids, they were measured at six different times for the study
period; 1, 5, 10, 15, 20, and 24 days after the treatment.

The headspace of each Teflon jar was analyzed for specific odorants using
a flow through system to expose solid phase microextraction (SPME) fibers
(Fig. 1). Just prior to extraction, the headspace of each sample jar was flushed

Figure 1: Experimental set-up for instrumental analysis.
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Characterization of Odors from Limed Biosolids 143

with pure nitrogen gas at a constant rate of 72 mL/min. A 75 µm SPME fiber
coated with Carboxen-Polydimethylsiloxane (Car-PDMS) was exposed to the
flowing gas as a means to capture trimethylamine (TMA), carbon disulfide
(CS2), dimethyl sulfide (DMS), dimethyl disulfide (DMDS), methyl mercaptan
(MSH), ethyl mercaptan (ESH), propionic mercaptan (PSH), and butyl mer-
captan (BSH) (Supelco, Bellefonte, Pennsylvania, USA). Car-PDMS has been
successfully used for the analysis of TMA and reduced sulfurs in the headspace
of thickened sludge,[1] limed biosolids,[9] heat-dried pellets,[13] and commercially
available composts.[14] The exposure period for the SPME fibers to the gas was
1 h. After the extraction, fibers were directly injected into a GC/MS system
(Hewlett Packard 5890 gas chromatograph coupled to HP 5988 mass spectrom-
eter) for quantification. The details of the GC analysis, calibration of SPME,
GC temperature program etc., can be found elsewhere.[15]

Sample off-gas was also evaluated for total reduced sulfur (TRS) using a
Jerome 631X Hydrogen Sulfide Analyzer (Arizona Instrument, Phoenix, AZ) in
parallel with SPME analysis. The Jerome 631X is most sensitive to H2S but
also reacts to other reduced sulfur gases and has a limit of detection (LOD) of
0.003 ppm.[16]

Odor Evaluation
Another set of aliquots from each treatment were transferred into 2-gallon

buckets, which were stored in a laboratory of the Blue Plains WWTP at room
temperature for evaluation by a 6 member odor panel. A quarter inch hole
was made in the lid of each bucket. The evaluation panel was not involved in
preparation of the samples and did not know which samples were treated. Each
panel member was asked to sniff the odors through the hole in the lid and score
the odor intensity and hedonic tone of each sample. Odor intensity and hedonic
tone were arbitrarily scaled 0 (weakest) ∼10 (strongest) and −10 (worst) ∼0
(not bad), respectively. They were also asked to briefly describe the character of
the odor. Panel testing was conducted six times during the testing period (i.e.,
4, 5, 10, 15, 19, and 24 days after the treatment). Therefore, chemical analysis
coincided with odor panel evaluations only on days 5, 15, and 24.

RESULTS AND DISCUSSION

Analysis of Odorants with SPME Coupled with GC-MS
Analysis of specific odorants over time clearly revealed the benefits of the

Bioxide treatments. Bioxide was effective in reducing the production of sulfur
compounds from the biosolids. The addition of the Bioxide, especially Bioxide-
AQ, was effective in the reduction of total reduced sulfurs (Fig. 2(b)). In the
beginning, the level of TRS from the control could not be evaluated since it was

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
A
g
r
i
c
u
l
t
u
r
a
l
 
L
i
b
r
a
r
y
]
 
A
t
:
 
0
1
:
1
9
 
1
9
 
M
a
r
c
h
 
2
0
0
9



144 Kim et al.

Figure 2: Time profiles of odorants analyzed using GC-MS (error bars represent standard
deviation of three replicates).

over the limit of instrument’s maximum detection level (50 ppm). However, TRS
produced from the sample with Bioxide-AQ of 0.5 gal/ton of wet biosolids was
less than 50% of the control. The Jerome 631X may be tracking MSH levels
in the headspace since the trend is quite similar to the TRS (Fig. 2(c)). One
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Characterization of Odors from Limed Biosolids 145

day after the treatment, the control produced about 700 ppb of MSH, while the
samples with the additives produced approximately 150 ppb except the Bioxide
0.1 gal/ton of wet biosolids treatment, which produced about 550 ppb.

As for BSH, DMS, and CS2, the concentration of these compounds in the
headspace of all samples was lower than 10 ppb with no clear trend in re-
sults. Considering their odor thresholds, 1 ppb, 0.1 ppb, and 16 ppb for BSH,[17]

DMS,[18] and CS2,[19] respectively, the contribution to the overall odors from
those compounds is likely minimal (especially 5 days after the treatment). ESH
and PSH were not detected in any samples. However, DMDS, which is believed
to be one of major odorants from limed biosolids,[9] could not be compared in
this study, since the concentration levels exceeded the quantification range of
the current method (�100 ppb) for all treatments on all days.

Therefore, MSH (odor threshold of 2.1 ppb[20]) and DMDS (odor threshold
of 6.4 ppb[21]) were the major sulfur compounds among the eight included in the
method. H2S was likely present but with our current instrument H2S could not
be quantified independently. Even though further experiments are needed to
evaluate the effects of Bioxide on DMDS, based on the time profiles of TRS and
MSH, it appears that Bioxide is effective in reducing the production of some
key sulfur compounds.

As for TMA (odor threshold of 0.21 ppb[22]), similar levels were produced
from all the samples (Fig. 2(a)). Results were not distinguishable between treat-
ments and fell between 175–225 ppb on Day 1 and dropped to 75–125 ppb on
Day 24, although the Bioxide of 0.5 gal/ton treatment was slightly higher than
others. This result is logical, since Bioxide is mainly made of Ca(NO3)2 and
should not affect the TMA concentration. The TMA was persistent over the
period of study, as seen in the previous study characterizing odors from limed
biosolids.[9]

Odor Evaluation
Results from the odor evaluation panelists showed a high level of variability

over the entire study period but with a general trend of high initial odor followed
by a relatively constant level for all treatments (Fig. 3(a)). Odor intensity and
hedonic tone values varied greatly between panelists, which is not uncommon
in odor panel testing, especially when samples are not delivered in a controlled
manner to the nose.[23] Under these conditions, it was not possible to distin-
guish treated samples from the control. All treatments showed similar levels
of odor intensity for each testing day. Over the entire period of study, a reduc-
tion in odor intensity could be only detected between the first and second odor
panel testing performed on Day 4 and Day 5 after the treatment, respectively.
However, the difference cannot be verified, since the first odor panel study was
performed by lifting the lid of each sample bucket. The samples had been stored
in closed buckets for 4 days before the test. Therefore, the odorants might have
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146 Kim et al.

Figure 3: Odor intensity and hedonic tone of each sample over the period of study.

accumulated in the headspace of the buckets while they were closed. After the
first test, a hole was made in the lid of each bucket, avoiding accumulation of
odorants in the headspace. The odor intensity of all treatments appeared to
remain unchanged throughout the experiment, indicating strong persistence
of odors from the biosolids. Although the hedonic tone of samples treated with
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Characterization of Odors from Limed Biosolids 147

Bioxide appears to be slightly worse than the control (Fig. 3(b)), the difference
can be ignored considering the error levels associated with the study.

In terms of odor character, they described odors from the samples as “rot-
ten fishy” or “ammoniacal” for all treatments, indicating that amines may have
contributed to the odor character of the materials. As described above, the in-
strumental analysis showed levels above human detection thresholds for TMA
in the headspace over the samples. The TMA results suggest that the odor pan-
elist may have been heavily influenced by the presence of TMA. Ammonia was
also likely present in the headspace due to the high pH caused by lime addition,
although it was not measured, and may have contributed to the intensity of the
odor. Nonetheless, considering its high odor threshold (around 5 ppm[24]) and
low persistency, the odorant causing the fishy or ammoniacal odor was proba-
bly TMA. Furthermore, the odor of TMA could mask that of other compounds,
e.g., sulfur compounds, considering its contribution to the overall odor index
of the samples. Twenty-four days after the treatment, the odor index of the
sample with Bioxide 0.5 gal/ton of wet biosolids from TMA is 570 (odor index =
concentration/odor threshold). That from MSH is 10.

In summary, although the instrumental analysis clearly showed the benefit
of adding Bioxide to biosolids with respect to sulfur compound reduction, the
effects on sensory odor detection could not be identified with the simple odor
evaluation study. A more sophisticated sensory panel was required to properly
evaluate odor control effectiveness of Bioxide.

CONCLUSIONS

A preliminary study on the odor control effect of addition of Bioxide or Bioxide-
AQ to dewatered sludge during the liming process has been evaluated. The
odors from the final products were evaluated with a simple odor evaluation
panel and gas chromatography-mass spectrometry.

Through the simple odor evaluation study, the benefit of Bioxide addition
to the biosolids could not be clearly observed, since all the evaluators reported
similar level of fishy or ammoniacal smell from every sample. They could not
identify other odors from the samples, e.g., odors from reduced sulfurs.

With results from the GC analysis of gases from the headspace of each
sample, odor that the evaluators complained about could be related with TMA.
Odor of TMA is typically characterized as fishy smell and is persistent over time.
Therefore, it was hypothesized that odor caused by TMA masked all the other
odors causing by sulfur compounds and dominated the overall odor character
from each sample.

The hypothesis of TMA dominance in odors from biosolids was further sup-
ported with the time profiles of TRS and MSH. The samples with Bioxide or
Bioxide-AQ produced up to 5 times lower TRS than the control. Therefore,
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148 Kim et al.

Bioxide, especially Bioxide-AQ, was very effective in reducing the production
of the reduced sulfur compounds from biosolids.

REFERENCES

1. Kim, H.; Murthy, S.; McConnell, L.L.; Peot, C.; Ramirez, M.; Strawn, M. Charac-
terization of wastewater and solids odor using solid phase microextraction at a large
wastewater treatment plant. Water Sci. Technol. 2002, 46 (10), 9–16.

2. Strunk, W.G. Hydrogen Peroxide for Industrial Wastewater Pollution Control, Pro-
ceedings of the 1977 National Conference on Treatment and Disposal of Indus-
trial Wastewater and Residuals, Houston, T.X., Industrial Chemical Div., FMC Corp.:
Princeton, NJ, April 26–28, 1977; 119–125.

3. Fraser, J.A.L.; Sims, A.F.E. Hydrogen peroxide in municipal, landfill and industrial
effluent treatment. Effluent and water treatment J. 1984, 24 (5), 3–5.

4. Wheeler, R.A. Controlling sewage treatment plant odours. Water and Pollution Con-
trol 1984, 122 (5), 22–23.

5. Farooq, S.; Akhlague, S. Oxidation of Biological Sludges with Ozone. J. Environ. Sci.
Health, Part A 1982, 17 (5), 609–637.

6. De Luca, S.J.; Idle, C.N.; Chao, A.C. Quality improvement of biosolids by ferrate(VI)
oxidation of offensive odour compounds. Water Sci. Technol. 1996, 33 (3), 119–130.

7. Gao, L.; Keener, T.C.; Zhuang, L.; Siddiqui, K.F. A technical and economic comparison
of biofiltration and wet chemical oxidation (scrubbing) for odor control at wastewater
treatment plants. Environ. Eng. Policy 2001, 2 (4), 203–212.

8. Hudson, J.A.; Lowe, P. Current technologies for sludge treatment and disposal. J. of
the Chartered Inst. of Water and Environ. Manage. 1996, 10 (6), 436–441.

9. Kim, H.; Murthy, S.; McConnell, L.L.; Peot, C.; Ramirez, M.; Strawn, M. Examination
of mechanisms for odor compound generation during lime stabilization. Water Environ.
Res. 2003, 75 (2), 121–125.

10. Ballinger, K.; Burger, E.; Knauer, R. Method for Reducing Hydrogen Sulfide Level
in Water Containing Sulfate-Reducing Bacteria and Hydrogen Sulfide-Metabolizing
Bacteria. US Patent #6,309,597, 2001.

11. Hunniford, D.; Davis, H. Process for Removal of Dissolved Hydrogen Sulfide and
Reduction of Sewage BOD in Sewer or Other Waste Systems. US Patent #RE37181,
2001.

12. Weimer, P.J.; Odom, J.M.; Cooling, F.B.; Anderson, A.G. Anthraquinones as In-
hibitors of Sulfide Production from Sulfate Reducing Bacteria. US Patent #5,385,842,
1995.

13. Murthy, S.; Kim, H.; Peot, C.; McConnell, L.L.; Strawn, M.; Sadick, T.; Dolak, I.
Evaluation of odor characteristics of heat-dried biosolids products. Water Environ. Res.
2003, 75 (6), 523–531.

14. Kim, H.; McConnell, L.L.; Millner, P. Characterization of Odorants from Products
of 14 Different Commercial Composts Using Solid Phase Microextraction, The 3rd Inter-
national Conference on Air Pollution from Agricultural Operations, Research Triangle
Park: North Carolina, USA, 2003 October 12–15; 6–33.

15. Kim, H.; Nochetto, C.; McConnell, L.L. Gas phase analysis of trimethylamine, pro-
pionic and butyric acid, and sulfur compounds using solid phase microextraction. Ana-
lytical Chemistry 2002, 74 (5), 1054–1060.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
A
g
r
i
c
u
l
t
u
r
a
l
 
L
i
b
r
a
r
y
]
 
A
t
:
 
0
1
:
1
9
 
1
9
 
M
a
r
c
h
 
2
0
0
9



Characterization of Odors from Limed Biosolids 149

16. Arizona Instrument Corporation. Jerome 631-X Hydrogen Sulfide Analyzer: Oper-
ation Manual, Doc #6J21-0002, Rev B.; Phoenix: Arizona, USA, 1997.

17. MDL Information System. Material Safety Data Sheet. 2001, http://www.
mathesongas.com/msds/ButylMercaptan.htm.

18. Amoore, J.E.; Hautala, E.J. Odor as an aid to chemical safety: odor thresholds
compared with threshold limit values and volatilities for 214 industrial chemicals in air
and water dilution. Appl. Toxicol. 1983, 3, 272–290.

19. Verschueren, K. Carbon disulfide. Handbook of Environmental Data on Organic
Chemicals, 2nd Ed.; Van Nostrand Reinhold Co.: New York, 1983; 1103–1108.

20. MDL Information System. Material Safety Data Sheet, 2001, http://www.
mathesongas.com/msds/MethylMercaptan.htm.

21. Mulders, E.J.; Lebensm, Z. Volatile components from the non-enzymic browning
reaction of the Cysteine/Cystine-Ribose system. Unters. Forsch. 1973, 152, 193–201.

22. MDL Information System. Material Safety Data Sheet, 2001, http://www.
mathesongas.com/msds/TrimethylAmine.htm.

23. Gostelow, P.; Parsons, F.R.; Stuets, R.M. Odour measurements for sewage treatment
works. Water Res. 2001, 35 (3), 579–597.

24. Devos, M.; Patte, F.; Rouault, J.; Laffort, P.; Van Gemert, L.J. Standardized Human
Olfactory Thresholds; Oxford Univ. Press: New York, USA, 1990.

Received May 17, 2004

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
A
g
r
i
c
u
l
t
u
r
a
l
 
L
i
b
r
a
r
y
]
 
A
t
:
 
0
1
:
1
9
 
1
9
 
M
a
r
c
h
 
2
0
0
9


